Introduction
Gas separation process through membrane technology has so far demonstrated good prospects and great advantages over conventional technologies. Generally, membranes are channels for mass transfer of gas molecules in gas separations [1] [2] [3] . Inorganic ceramic membranes have a broad spectrum of application at industrial level as a result of their ability to give excellent performance under harsh operating state/condition, high mechanical strength, high chemical stability, easy cleaning, high resistance to acidic chemicals and the ability to withstand high pressure and temperature especially in CO2 capture applications [4] [5] .
Some areas of its application are in gas purification, ultra filtration processes and treatment of waste water. Inorganic membranes can further be classified as porous or nonporous. While non-porous inorganic membrane is made up of dense separation-film resulting in very good selectivity and minimal permeance, porous type of membrane have lower selectivity and high permeance with pore sizes of up to 10µm [6] . Porous membranes have micro-pores that allow the passage of fluid through its channel while dense or nonporous membranes, allow the flow of fluids to take place through the bulk membrane material itself. Diffusion of fluid is as a result of pressure or concentration gradient [7] . However, ceramic membrane forms the main class of inorganic membranes consisting of three basic types and pore sizes-macro porous (> 500Å), meso porous (500-20 Å) and micro porous (<20 Å). Gas permeation across a porous ceramic membrane with a thin layer is influenced by three factors namely the gas properties, morphology of the membrane and the material used for membrane design [8] .
Therefore the membrane layer thickness, porosity of the membrane surface, pore size and its distribution are some parameters in the membrane structure which determines the performance and efficiency of the membrane for gas separation and purification purposes [9] [10] . Membrane morphological characterization can be achieved through some notable methods such as scanning electron microscope (SEM), bubble point technique, mercury porosimetry and Nitrogen gas adsorption-desorption [9] [11] . In essence gas transport through porous ceramic membrane pores can be obtained based on the kinetic theory of gases. Different transport mechanisms exist and in doing so an assumption that the membrane pores are a package of tubes can be made [1] . In addition, depending on the pore size of the membrane, these mechanisms can be theoretically characterized by permeability through the porous membrane [12] [13] . Three main types of mechanisms that are generally involved for mass transfer through porous media are Knudsen flow, slip flow and viscous flow. Others are surface diffusion and molecular sieving. The mean pore radius and the mean free path of the gas molecules are two factors in transport mechanisms and are represented by rp and λ respectively. Accordingly, the mean free path is the average distance travelled by the molecules between collisions. Further, when the ratio of membrane pore radius to that of mean free path is less than 0.05, Knudsen flow is prevalent. Between the ratio of 0.05 and 3 is described as slip flow while for a ratio above 3 viscous flows is applicable [14] [1] . In Knudsen diffusion the flow takes place when the pore diameter is smaller than the mean free path of the diffusing gas molecules i.e. rp < λ. With low density, the gas molecules collide with the walls more frequently than with each other. It is distinguished by a Knudsen number, which is a measure of the relative importance of Knudsen diffusion. The flux due to Knudsen flow is inversely proportional to the square root of the molecular weight of the gas permeating through the membrane, the higher the molecular weight the lower the molecular velocity of the gas. Better separation and less permeation are more characteristic features present in Knudsen flow and flow occurs mostly in micro porous and meso porous membranes [15] .
Flux due to Knudsen mechanism is generally expressed by equation (1) [15] ; (1) Where FK is the gas flux due to Knudsen diffusion, rp, membrane pore radius (m), M molecular weight of the permeating gas (kg/mol), R gas constant (J/mol.K) and T temperature (K)
In viscous flow regime, the distance between gas molecules are smaller compared to the transverse channel. Subsequently the main driving force in viscous flow mechanism is molecule to molecule collusions, minimal interaction with the pore walls, high permeability and little or no separation is achieved since the viscosities of gases are very close to each other ie rp > λ. According to Hagen poiseuille formula, flow due to viscous is determined by equation (2) Where FV is gas flux due to viscous flow, μ is the gas viscosity (μpas), P1 and P2 are absolute and atmospheric pressure (bar) respectively. The diagram in figure 1 shows a typical disparity between Knudsen and viscous flow transport mechanism. [17] .
Aluminium oxide (Al2O3), Titanium Oxide (TiO2), Zirconium Oxide (ZrO2), Silicon dioxide (SiO2), Silicon carbide, Zeolite or a hybrid mixture of two or more materials of their oxides can be used for the fabrication of composite ceramic membranes. Design of the membrane can employ the use of sol gel technique which modifies the pore size of membrane with high level superficial area through dip coating process [7] [18] [19] [20] . Some advantages of sol gel technique as reported by several authors includes a nanometre scale pore size distribution, homogenous pore size distribution and fabrication of a top layer capable of a comprehensive pore size control [18] [21] [22] . One major complexity encountered during membrane fabrication is on how to tackle the relationship between getting high flux and high selectivity materials. This can be attributed to the inverse proportionality of flow rate to membrane layer thickness [6] [23] . Some other researchers [23] in their study looked at the relationship between membrane structure and permeation with respect to the material make up of the membrane. An estimation of permeability due to viscous flow can be achieved theoretically and experimentally, gas permeability due to Knudsen flow can be predicted using simulation techniques. In this present study, single gas permeation through two different micro porous composite ceramic membranes is investigated. Permeability due to both viscous and Knudsen flow mechanisms are obtained through theoretical calculations and experimentally. In addition the relationship between the membrane pore size and membrane layer thickness as a function of pressure drop is also investigated.
Basic mathematical equations of mass transfer through a porous medium
The simplest generally applied mathematical equation to describe transport of gas molecule components through a porous medium is characterized by Knudsen and viscous flow. Therefore the total flux across the membrane is calculated by combining equation I and 2 above [15] [16] . (3) where Ftotal is the total flux through the membrane Equation (3) can be rearranged as; (4) Where is the average pressure. To determine the permeability of a single gas across the membrane as a function of pressure drop and to be able to calculate the membrane pore radius, further rearrangement of equation 4 is illustrated below:
Equation (5) is obtained by manipulating equation (3) To further obtain the actual equation for FK and FV taking into account the membrane layer thickness δ, equation (5) [15] Equation (6) can further be simplified thus;
In this paper, equation 7 will be used in determining parameters relating to the membrane structure. The permeability of all permeating species is also investigated.
Experimental methods

Membrane make up
Two ceramic membranes were selected for fabrication in gas diffusion and separation experiment, Membrane Y and Membrane Z. The two tubular inorganic ceramic membranes are designed by the use of commercially available supports (membrane support) from Ceramiques Techniques et Industrielles (CTI SA) France, with average pore diameter of 6000nm. The fresh supports are an assembly of 77% α-alumina and 23% TiO2. The total effective and impermeable lengths of the supports are 318mm and 50mm respectively. However Membrane Y has an internal and outer diameter of 19.8 mm and 25 mm respectively while Membrane Z has 19.0 mm and 25 mm as its internal and outer diameter correspondingly.
Membrane modification
The modification process for both membrane supports involved the formation of a thin separating layer made up of silica fashioned through a successive dip coating technique. The silica solution consists of 900mls of 2-methylbutane, 100mls of silicon elastomer and curing agent. A mixture of the above stated quantity of Iso pentane, silicone elastomer and 10mls of curing agent which prevents a cross linking between silica molecules. The mixture was then poured into a large beaker and placed on a magnetic stirrer for 30mins until a clear solution was obtained. The entire mixture was stirred continuously until complete homogeneity was achieved. The final solution was then poured into a 1000mls graduated cylinder. The solution preparation was carried out in the laboratory under a patented innovation from a renowned researcher [7] [8]. For Membrane Y, immersion in the silica-based solution was performed five times before gas permeation. Membrane Z was modified five times with gas permeation carried out after each dip. The different methods applied during the dip-coating resulted in variations of the membranes structural make up as well as their thicknesses. The silica solution used for Membrane Y had a higher concentration compared to that for Membrane Z. This is because additional chemicals were not required since permeation test was only carried out after the fifth dip, while for Membrane Z about 50mls of Iso-pentane was added to the solution to boost the concentration and rate of solution penetration through the membrane pore network. An initial drying method was applied through a spinning device for 30mins during the entire process with further drying in an oven at a temperature of 65 O C for a period of 2hrs. The weight of the membrane supports before and after modification was obtained. An estimation of the mass gained and the layer thickness of the membrane after each dip was calculated using formula below: (8) where is the density of silicon (2.1g/cm 3 ), is the surface area of the support's outside surface and the weight gain by support after each dip.
Gas permeation test
The gas flow system however comprises of three main sections, namely: the feed delivery, the permeator and flow measurement. The gas permeation test was carried out at room temperature using 5 single gases, namely: H2, N2, Ar, CO2 and He. A schematic diagram of the experimental set up is shown in figure 2 and consists of tubular membrane reactor which houses the ceramic modified membrane, a gas inlet flow line through which gases are introduced into the ceramic membrane and a digital mass flow meter used to measure the rates during the permeation test while maintaining a particular pressure drop across the membrane. Characterization of the membrane by scanning electron microscopy as well as the elemental composition using energy dispersive x-ray analysis was also obtained. 
Characterization of the membrane
The elemental composition of the membrane support comprises of TiO2 and Al2O3. After the modification process, SiO2 was added to the other elements already present in the membrane. Figure 3 and figure 4 depicts the SEM of the unmodified and the modified membrane respectively [24] showing a clear distinction between both images. An analysis of the adsorption and desorption curves for surface area estimation from the nitrogen adsorption isotherms is presented in figure 5 and Table I . 
Results and discussions
Effect of dip-coating on membrane layer thickness
The weight of the ceramic support was calculated before and after each dipping during the dip-coating process. This was done to ensure that concise and accurate thicknesses of both membranes could be estimated. Table 2 and 3 gives the calculated average thicknesses of Membrane Y and Membrane Z. The membrane surface area of membrane Y and membrane Z are 0.025m 2 and 0.022m 2 respectively. The cross-sectional structure of the membrane could not be obtained as this would entail breaking the membrane into smaller pieces and taking the X-section. However, witness samples were used to obtain SEM of the X-section. Tables 2 and Tables 3 , the values of the layer thicknesses of both membranes vary with Membrane Z having higher layer thickness than Membrane Y. This is attributed to the different methods used during the dip coating. The silica solution used for membrane Z stayed longer on the magnetic stirrer and gas permeation was carried out after each dip. As a result the tendency of a decrease or loss in the concentration of the solution occur leading to addition of more elastomer. This enhanced both the concentration and penetration rate of the solution. However for Membrane Y, gas permeation test was only conducted after the fifth dip-coating modification. In addition membranes were sealed before applying the dipcoating process on the outside surface to prevent the coating of inside of the membranes. Nonetheless a small amount of Iso-pentane was added just before the fifth dip.
Analysis of gas transport across two coated supports
Determination of gas flow rate as a function of pressure drop was investigated for both membranes. Figure 6 and Figure 7 are single gas permeation test conducted on membrane Y and Membrane Z. Results obtained from the plot show that the flow rate across Membrane Y exceeded that of Membrane Z. It is also important to note that the thickness of both membranes came into play. As shown earlier in tables' 2 and 3, the layer thickness of Membrane Y is less than that of Membrane Z. This is a clear indication that the higher the thickness the more the resistance, hence layer thickness affects gas permeation in the entire process. Again for both membranes, the flow rate of gases has a linear proportionality with pressure drop.
Furthermore, for the flow rate of gases through membrane Y, notice that CO2 gas had the lowest flow rate as expected due to its high molecular weight of 44. He gas with a molecular weight of 4 permeates faster than all the gases. H2 flow rate was lower than that of He even though it had a lower molecular weight. This could be explained in terms of the kinetic diameter of He (2.65Å) which is lower than that of H2 (2.89 Å). The trend of the gas flow obviously is not dominated by Knudsen flow except for that of CO2. An estimation of the statistical error represented as error bars is shown in figures 6a and 7a. Gas permeation across membrane Z took another dimension. We observe that CO2 gas with the highest molecular weight of 44 permeated faster than Ar and N2 with molecular weight of 40 and 28 respectively. The possibility of surface diffusion mechanisms as a result of the modification can be used to explain the trend. However a different scenario applied for H2 with the lowest molecular weight 2 as expected permeated a lot faster through Membrane Z showing a dominance of Knudsen mechanism in the flow. Consequently the flow rates of individual gas did not actually follow the order of their molecular weights for both membranes, although there is a clear indication that CO2 gas is a strongly adsorbing gas for Membrane Z than Membrane Y.
Permeability and mean pressure
The calculated thickness was used to obtain permeability values of the gases through Membrane Z which are then plotted against the mean pressure. Figure 8 is a graphical representation of permeability of the different gases through Membrane Z at room and different operating pressures (range 1.1-1.5 bar). Notice from the graph that there is an obvious disparity between permeability trend line of H2 and CO2. It can be observed that as the mean pressure increases, the permeability for H2 also increases. However, permeability decreased with mean pressure for CO2.
However, there exists a possible viscous flow mechanism for H2 permeability within the membrane network due to its high permeability values compared to other gases. Ar and N2 gases displayed more constant permeability than CO2 with mean pressure. An estimation of the statistical error represented as error bars is shown in figure 8a. 
Pore size prediction and estimation
As stated earlier, total flow of gas across a porous membrane could be achieved by different mechanisms. Subsequently, an estimate of an amount contributed by each mechanism can be determined from figure 9 showing the permeability trend line equation for CO2 and H2 gases. An estimation of the statistical error represented as error bars is shown in figure 7a . From equation 4, the slope is calculated with the formula below:
Similarly, intercept with the formula
By substituting H2 and CO2 permeability values from Figure  9 into equation (9) and (10) it is possible to estimate the pore radius (rp). These are presented in Table 4 . The values calculated are significantly lower than the pore size of the bare support. In addition, a macroporous membrane was obtained with a big difference between the first and second estimated pore radius. However, the pore size value from adsorption -desorption isotherm using the BET instrument could not be obtained at this time because in order to do so, the membrane would have to be destroyed. This cannot be done since the membrane is under evaluation for further studies.
If you look at figure 9 used to estimate the pore sizes, the intercept in the case of H2 is negative. So we have used the slope which is positive. Also, in the case of CO2, the slope is negative so we have used the intercept. If Knudsen diffusion was the only transport mechanism in the membrane layer then permeability will remain constant as mean pressure increased. This is not the case for hydrogen which indicates viscous flow contribution. In the case of CO2, the slope is negative which means that while viscous flow is assumed to be negligible, Knudsen flow is active but probably combined with surface flow. Surface flow is strongly governed by CO2 adsorption and its mobility on the pore surface. In physical adsorption, the contribution of surface flow decreases with increasing temperature. Our experiments were carried out at room temperature which would indicate strong surface diffusion effect. There are numerous literature studies that show strong affinity of CO2 in silica [12] [16] [24] . 'The pore size difference for H2 and CO2 shown in Table 4 can therefore be due to the calculations performed between the viscous flow and Knudsen flow. This is usual for such membranes to have a distribution of pore sizes. Since, permeability for Knudsen flow is directly proportional to the mean pore radius while permeability of viscous flow is directly proportional to the square of the mean pore radius. Work is currently undergoing to study the possible surface flow contribution in the case of CO2 permeation though our membranes. 
Conclusion
Gas diffusion properties of two modified alumina ceramic membranes were investigated. Five gases CO2, H2, N2, He and Ar were used for the permeation test. Overall results confirm that Membrane Z with higher thickness influenced the gases flow rate significantly by some measure of resistance in comparison to Membrane Y of smaller thickness. 'The single gas flow rate increases with an increase in pressure for both membranes. A comprehensive permeability determination of membrane Z confirms that the modification process resulted in conformal coverage. The significance of Knudsen and viscous flow mechanisms were beneficial and gave a better understanding of their individual contribution to the hydrodynamics of the membrane and pore size prediction. 
